ABSTRACT
ding hypoanthe guanin phos phoribosyltranferase was substantially elevated (200-to 600-fold) In all three tumor cell lines, yet the types of mutati arising differed. A specific frame-shift hotspot accounted for 24% of hypoxanthine gaInef phosphoribosyltransferase mutatlons in HCT116. The frequency of mutat at this site was u d y In DLD-1 and HCT15 lines. These data suggest that the mutator phenotypes in the colorectal carcinoma cell lines could be the consequence of mutator genes affecing different repair or error-avoidance pathways.
Colorectal tumor development is a multistep process that depends upon the accumulation of mutations in protooncogenes and tumor suppressor genes (1) . Considerable progress has been made in the identification of some of these genes, although relatively little is known of the mutational mechanisms that alter them (2) . Recent (3) (4) (5) (6) (7) . In some HNPCC families this instability is associated with mutations in a gene (MSH2) mapping to chromosome 2p16 that encodes a human homolog of the Escherichia coli mismatch-repair protein mutS (8, 9) . In these patients a mutation of one copy of this gene is inherited. When cells sustain a somatic mutation in the second allele, they presumably become deficient in the correction of replication errors in coding sequences as well as microsatellites (10) . The enhanced rate of spontaneous mutation or "mutator phenotype" in such mismatch-repair-deficient cells would be likely to accelerate the mutation-dependent process of tumor development.
Although current evidence clearly links MSH2 mutations with microsatellite instability in some HNPCC families, alterations of other proteins required for the maintenance of DNA-sequence integrity may produce the same phenotype. HNPCC is a genetically heterogeneous disease, as at least two loci have been mapped in HNPCC families (3, 6) . Genes encoding other proteins required for mismatch repair would be obvious candidates. However, aberrations of other processes required for maintenance of DNA-sequence stability, such as exonucleolytic proofreading (11) , the repair of spontaneous DNA damage (12) , or the regulation of DNAprecursor synthesis (13) , would have the same effect of increasing the rate of spontaneous mutation. To identify and characterize the pathways that lead to DNA-sequence instability in human tumors, we screened colorectal carcinoma cell lines for increased mutation rates at both selectable and microsatellite loci. Here, we report the characterization of three lines exhibiting such DNA-sequence instability. These mutator lines exhibited two distinct phenotypes that may result from aberrations of different repair or error-avoidance pathways.
MATERIALS AND METHODS
Cell Lines (14) .
Microsatellite Analysis. Six microsatellite loci were assayed for instability. The oligonucleotide primers used to amplify these loci have been published (15) (16) (17) (18) . Purified genomic DNA was used with these primers and Taq polymerase to amplify the microsatellite loci. The products from these reactions were fractionated on 6% polyacrylamide gels and blotted onto Hybond-N+. Blots were probed with one of the PCR primers that had been end-labeled with terminal transferase (GIBCO/BRL).
DNA Sequence Analysis ofHPRT Mutations. Exon 3-coding sequences of HPRT were amplified from DNA purified from mutant strains using the oligonucleotides 5'-GACT-GAACGTCTTGCTCGAGATG-3' and 5'-AATCTACAGT-CATAGGAATGGA-3'. This yielded a 160-bp fiagment that was fractionated on 6% denaturing polyacryamide gels. The gel was blotted onto nitrocellulose and probed with one ofthe primers labeled using terminal transferase. This allowed rapid visualization of mutant strains with +1 or -1 frameshifts. To determine whether the alterations of the fragments were the result of frame-shifts within the run of guanine residues in exon 3, the fragments were sequenced with Taq polymerase, as described by the manufacturer (GIBCO/ BRL).
RESULTS

Microsateflite Instability in Colorectal Carcinoma Ceil
Lines. Fourteen colorectal carcinoma cell lines were screened for heterogeneity of microsatellite structure. Multiple alleles of the microsatellite locus DJS527 (15) Fig. 2 ). These loci mapped to six different chromosomes and consisted ofdi-, tri-, or tetranucleotide repeats. Variations also were detected in DLD-1 and HCT15 at two of the six loci, but these occurred in a considerably lower (17) . Again, subclones with multiple alleles were evident (Fig. 2B) (Table 2) .
A further indication of the high rate of spontaneous mutation in HCT116 is the accumulation of mutant alleles in subclones carried in culture (Fig. 2B) . In subclone HTS25 there is only a faint band for the mutant allele upon assay soon after subcloning. When this subclone was carried for a longer period of time (=20 further generations), the mutant allele became more evident.
Frequency and Rate of Mutatio at Selectable Lod. To determine whether the destabilization extended to structural genes, the mutant frequencies at two selectable loci were measured in the colorectal carcinoma cell lines. These frequencies were compared with those in MRC-5, a simian virus 40-transformed human diploid fibroblast line. Table 3 shows that the frequencies of 6-thioguanine-resistant colonies were dramatically elevated (>1000-fold) in all three lines exhibiting microsatellite instability. Similarly, the frequencies of ouabain-resistant colonies increased significantly (>80-fold). SW620, which was does not exhibit microsatellite instability, did not have an elevated mutant frequency at either locus. However, the frequency of hypoxanthine guanine phosphoribosyltransferase (HPRT) mutants in SW620 cannot be directly compared because of the presence of two active X chromosomes in this line (J. Harwood and M.M., unpublished observations).
To more precisely compare the occurrence of mutations in these cell lines, we measured the rate of mutation giving rise to 6-thioguanine resistance. Replica cultures ofthe colorectal carcinoma cell lines were grown to a final density of 0.2-1.2 x 106 cells before plating in medium containing 6-thioguanine. After 2 weeks in selective medium, resistant colonies were scored, and the rate of spontaneous mutation was calculated ( Table 2 ). The mutation rates at HPRTin HCT116, HCT15, and DLD-1 lines were 200-to 600-fold greater than the rate measured for MRC-5 cells. These HPRT mutation rates were also 10-to 1000-fold higher than those previously reported for "normal" diploid fibroblasts [which range from 1.8 x 10-6 (23) to 9.2 x 10-9 mutations per cell per generation (24) ]. Again, we were unable to measure the rate of mutation in SW620 cells at HPRT. However, the mutation rate at the hemizygous selectable locus encoding adenine phosphoribosyltransferase in SW620 cells was nearly as low [5 x 10-8 (25) ] as the rate measured forHPRTin MRC-5 cells. Thus the mutation rate at a selectable structural gene was elevated substantially in three colorectal carcinoma lines exhibiting microsatellite variation. It is notable, however, that the HPRT mutation rate does not necessarily parallel the degree tants examined) contained guanine insertions within this run (Fig. 3) . The frequencies of frame-shifts at this site in HCT15 (26) . Sequence analysis of HPRT-coding regions focused on exon 3 as a mismatch-repair-deficient human lymphoblastoid strain developed a hotspot in a short run of 6 guanine residues present in this exon [nt 207-212 (27) ]. Spontaneous mutations in other, nonmutator, human cells also appear to cluster in this exon (28) , but they are infrequent in this guanine-run [only 2 of 149 mutant alleles reported (26, (28) (29) (30) (31) (32) In DLD-1 and HCT15 cells, microsatellite variation was less frequent and the frame-shift hotspot was not evident, although mutation rates at HPRTwere as high as those found in HCT116 cells. The difference in the pattern of mutations in these strains may result from mutations of different components of the mismatch-repair pathway. In E. coli eight proteins are required for the repair of mismatches in cell-free extracts (33 (35, 36) . Thus, the differences in the two mutator phenotypes described here may result from alterations in different repair or error-avoidance pathways.
The DNA-sequence instability induced by mutator genes is only one pathway that results in tumor-associated genome instability. For example, SW620 cell line shows very low rates of base substitution but exhibits a substantially altered karyotype and high rates of multilocus deletion (25, 37) . This cell line also displays an unusual mechanism of mutation in the form of multiple base substitutions or fiame-shifts that apparently occur as a result of a single initiating event (25) . Biochemical (1994) Proc. Nati. Acad. Sci. USA 91 (1994) 6323 Brad Preston for stimulating discussions and comments regarding the manuscript.
